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Abstract
Background: Reducing exposure to environmental agents indoors shown to increase asthma
symptoms or lead to asthma exacerbations is an important component of a strategy to manage
asthma for individuals. Numerous investigations have demonstrated that portable air cleaning
devices can reduce concentrations of asthma triggers in indoor air; however, their benefits for
breathing problems have not always been reproducible. The potential exposure benefits of whole
house high efficiency in-duct air cleaners for sensitive subpopulations have yet to be evaluated.
Methods: We used an indoor air quality modeling system (CONTAM) developed by NIST to
examine peak and time-integrated concentrations of common asthma triggers present in indoor air
over a year as a function of natural ventilation, portable air cleaners, and forced air ventilation
equipped with conventional and high efficiency filtration systems. Emission rates for asthma triggers
were based on experimental studies published in the scientific literature.
Results: Forced air systems with high efficiency filtration were found to provide the best control
of asthma triggers: 30–55% lower cat allergen levels, 90–99% lower risk of respiratory infection
through the inhalation route of exposure, 90–98% lower environmental tobacco smoke (ETS)
levels, and 50–75% lower fungal spore levels than the other ventilation/filtration systems
considered. These results indicate that the use of high efficiency in-duct air cleaners provide an
effective means of controlling allergen levels not only in a single room, like a portable air cleaner,
but the whole house.
Conclusion: These findings are useful for evaluating potential benefits of high efficiency in-duct
filtration systems for controlling exposure to asthma triggers indoors and for the design of trials of
environmental interventions intended to evaluate their utility in practice.
Background
Asthma is chronic inflammatory disorder of the airways
that induces a range of sub-clinical and clinical effects
including but not limited to hyperresponsiveness, airflow
limitation, and respiratory symptoms. Approximately
6.7% of adults and 8.5% of children in the United States
are reported to suffer from asthma with the greatest prev-
alence among non-Hispanic black and Hispanic children
under 18 years of age [1]. Triggers of asthma exacerbation
are varied and include viral infections, certain animal
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allergens and criteria air pollutants, mites, environmental
tobacco smoke (ETS), mold, chemical irritants, and exer-
cise in cold air [2]. Reducing exposure to environmental
agents shown to increase asthma symptoms or lead to
asthma exacerbations is an important component of a
strategy to manage asthma for individuals [3].
Numerous investigations have demonstrated that indoor
air cleaning devices can reduce concentrations of asthma
triggers in indoor air [4-10]. Some studies have reported
associations between use of air cleaners and improve-
ments in respiratory symptoms and breathing problems
for children and adults with asthma or persistent allergic
rhinitis [11-14]. However, the benefits of air cleaners for
breathing problems have not always been reproducible
[14-19]. An expert panel recently determined that the evi-
dence offered by health studies is not sufficient to con-
clude that operation of indoor air cleaning devices
alleviates asthma symptoms or improves pulmonary
function [14,18-20].
The heterogeneity in results of air cleaner intervention
studies for asthma symptoms may reflect in part the lim-
ited efficacy of the portable air cleaners used to mitigate
exposure to airborne asthma triggers. Portable air cleaners
typically have flow rates of 170 – 340 cubic meters per
hour (m3/hr) and removal efficiency for fine particle mass
(PM2.5) of only about 70% because of bypass around their
high efficiency particle arrestance (HEPA) filters [21]. For
a typical U.S. home size of 450 m3, a 180 m3/hr portable
device has a theoretical particle removal rate of approxi-
mately 0.4 per hour (hr-1), about the same as the air
exchange rate for a closed home. Air flow rates through
room filters must be equivalent to several air changes per
hour in order to achieve substantial control of airborne
particulate matter [4]. In contrast, whole house, high effi-
ciency air cleaning systems that can provide clean air
delivery rates up to 10 times greater than a portable air
cleaner and particle removal rates of approximately 7 per
hour are now available for residences [22]. The mitigation
of asthma triggers in indoor air by these systems and
potential health benefits for sensitive subpopulations
have yet to be evaluated.
To address this knowledge gap, we used an indoor air
quality modeling system to examine peak and time-inte-
grated concentrations of fungal spores, environmental
tobacco smoke, respiratory viruses, and cat allergen in
indoor air associated with natural ventilation, portable air
cleaners, and forced air ventilation equipped with conven-
tional and high efficiency filtration systems. As part of the
modeling, we simulated several conditions that corre-
spond to asthma management guidance published by the
American Lung Association and the National Institutes of
Health.
Methods
We used the CONTAM multi-zone indoor air quality
model developed by the National Institute of Standards
and Technology (NIST) to estimate indoor concentrations
of indoor allergens and irritants associated with asthma
[23]. Airflow among indoor and outdoor zones of the
building (i.e. rooms and ambient air) in CONTAM occurs
via flow paths such as doors, windows, and cracks. Inter-
zonal flow is based on the empirical power law relation-
ship between airflow and the pressure difference across a
flow path. Simulation of a mechanical ventilation system
in CONTAM also induces circulation of air in CONTAM.
After airflow among zones is established, mass balance
equations are used to calculate pollutant concentrations
based on the sources and sinks in each zone. Each zone
(i.e. rooms, hallways) is treated as a single node wherein
the air has uniform, well-mixed conditions throughout.
Performance evaluations of CONTAM have demonstrated
that the model simulations of inter-zonal flow and air
exchange rate are within 15% on average of correspond-
ing values measured in a single-family home and test
home, respectively [24-29].
Our analysis included two residential building templates
developed by NIST, a two story detached home and a sin-
gle story detached home. Single family detached homes
represent over 60% of the total housing stock in the U.S.
[30]. The floor areas for the single story and two story-
building templates are 180 square meters (m2) and 276
m2 respectively. See Additional files 1 and 2 for floor plans
of the templates. The templates were based on the U.S.
Census Bureau American Housing Survey [31] and the
U.S. Department of Energy Residential Energy Consump-
tion Survey [32] and were intended to represent typical
U.S. residential building stock [33]. We modified the NIST
templates to allow for natural ventilation and leakage
through and around windows sized to 11.5% of the area
of each wall [34].
Both residential templates were modeled with six differ-
ent ventilation and filtration configurations (See Table 1).
The first configuration was a home with natural ventila-
tion (N) and no capacity for indoor air cleaning. The
remaining configurations each employ a central forced air
heating and cooling system with differing degrees of filtra-
tion including: a standard 1 inch media filter (C), a stand-
ard 5-inch media filter (C5), the 1-inch filter with one
portable HEPA unit in a bedroom (C+1P), the 1-inch
media filter with a portable HEPA unit in the bedroom
and one in the living/family room (C+2P), and a high effi-
ciency electrostatic air cleaner with HEPA-like removal
efficiency for aerosols (HE).
Homes with central systems were assumed to have air-
handling units (AHU) balanced to provide 0.18 m3/min/Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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m2 (0.6 cfm/ft2) of air to each room in the house. The duty
schedule during heating and cooling periods was simu-
lated with 1-hour resolution based on output from repre-
sentative runs of the EnergyPlus Energy Simulation
Software [35]. In general, the fraction of each hour
devoted to forced air heating or cooling was proportional
to the difference between ambient temperature and a set
point of 22°C (72°F). Hourly duty schedules ranged from
4 minutes per hour during temperate periods to 38 min-
utes per hour during extreme summer periods and 52 min
during extreme winter periods. In simulations with the C1
and C5 filters, a conventional AHU that operated only
during periods of heating or cooling demand was used. In
the simulations with the high efficiency electrostatic air
cleaner, we modeled a modern AHU equipped with a var-
iable speed fan that operates at full speed during periods
of heating and cooling demand and at half-speed during
all other times. Portable air cleaners were modeled as
operating at 118 m3/hr for 24 hours per day. For the single
story home, the return air duct AHU was located in the liv-
ing room, for the two story home, there was a return in the
hallway of both the first and second story. An air supply
diffuser was located in each room of both housing tem-
plates.
For simulations of central forced air systems, removal effi-
ciencies for in-duct air cleaners were based on particle
size-specific results observed in our prior assessment of in-
duct air cleaning technologies conducted in a fully instru-
mented test home [22]. In that work, we found that the
removal efficiency of a polydisperse test dust achieved by
in-duct devices (specifically, 1-inch, 5-inch, and high effi-
ciency electrostatic) was approximately 10% lower than
the rated efficiencies determined according to ASHRAE
Method 52.2, an industry standard performance metric
[36]. Through diagnostic testing, we determined that the
difference between the rated and in-use performance was
the result of bypass where 10% of the airflow through the
AHU fan entered the AHU cabinet downstream of the fil-
ter bay.
For the portable air cleaners, removal efficiencies were
based on studies conducted for the National Center of
Energy Management and Building Technologies [21].
Similar to the whole house testing, Chen et al. found
approximately 30% leakage in portable units and that
none of the portable air cleaners reached HEPA-like filtra-
tion.
Meteorological information is used by CONTAM to simu-
late force convection, radiant leakage, and corresponding
air exchange rates. We used year 2005 meteorological
data, including hourly wind direction and speed, dry and
wet bulb temperature, relative humidity, and cloud cover
data, obtained from the National Weather Service for the
Cincinnati, Ohio area (Cincinnati/Northern Kentucky
International Airport). We chose this area because Cincin-
nati has four distinct seasons and differences in ventila-
tion are expected to vary by climatic conditions.
Using a temperature-based probabilistic approach based
on data from an EPA analysis [37], window and door
opening schedules were generated that produced total
ventilation rates for centrally and naturally ventilated
periods consistent with corresponding air exchange rates
determined from field campaigns reported elsewhere [38-
40]. During periods in which the windows were open,
40% of the total window area was assumed to be open.
The AHU duty schedule and the window schedules were
linked so that the AHU was never running when the win-
dows were open. The front door was set to a schedule of
opening for 15 minutes five times each day. Particle-size
specific deposition rates to indoor surfaces were based on
research by Thatcher and colleagues [41]. Due to limita-
Table 1: Ventilation/Filtration Configuration Information
Abbreviation Description
N Natural ventilation with no air cleaning capacity
Forced Air Systems
C Conventional 1-inch media filter (MERV 2)
C5 Standard 5 inch media filter. Based on Perfect Fit 5 inch media filter, Model BAYFTAH26M, Trane Residential Systems, Tyler, TX, 
USA (MERV 8)
HE High Efficiency System – CleanEffects™ Model TFD235ALAH000AA, Trane Residential Systems, Tyler, TX, USA
Forced Air Systems plus Portable Air Cleaners
C+1P Conventional 1-inch filter plus portable HEPA filter devices. Flow characteristics based on Quiet Flo HEPA Air Purifier Model 
20316, Hunter Fan Company, Memphis, TN, USA. Filtration capacity based on Chen et al. (2006).
C+2P Conventional 1-inch filter plus 2 portable HEPA filters devices (See above)Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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tions of the model, deposition rates were assumed inde-
pendent of air exchange rate and the AHU duty schedule.
A set of indoor allergens and irritants that can play a sig-
nificant role in triggering asthma attacks was the focus of
our analysis. Generation rates and particle size distribu-
tions of the contaminants were based on experimental
data available in the published literature. Details regard-
ing inputs to the model for the allergens and irritants are
presented in Table 2.
Cat Allergen
Emission rates for cat allergen were based on studies that
characterized the occurrence, suspension, and removal of
cat allergen, Fel d 1, inside homes [7,42,43]. Based on
findings from those studies, we chose to model genera-
tion of cat allergen with a constant and intermittent
source. The constant source was used to represent Fel d 1
levels in air during quiescent periods. The intermittent
source represented resuspension of cat allergen caused by
certain activities such as vacuuming or sitting on a couch
[10,44]. The intermittent source released a burst of aller-
gen once an hour during typical waking hours, 7:00 AM –
10:00 PM. The constant generation source was located in
all rooms of the house other than the bedrooms, while the
burst source was released only in the main living space
(i.e. living room for template 72 and family room for tem-
plate 28). We omitted release of cat allergen in bedrooms
in order to evaluate the extent to which allergen avoidance
achieved by restricting cats from bedrooms as recom-
mended by the NIH (2007), may be influenced by the use
and efficacy of indoor air cleaning systems.
Aerosols that contain cat allergen range in aerodynamic
diameter from less than 0.4 micrometers (μm) to greater
than 9 μm [7,45]. Previous research has demonstrated
removal of airborne cat allergen by portable air cleaners
with HEPA filters [7]. For the electrostatic air cleaner, we
assumed that the removal efficiency of cat allergen was
equivalent to the particle-size specific performance
Table 2: Model Inputs for Contaminant Emission Rates and Filtration Removal Efficiency Rates
Contaminant
/Particle size
Emission
Rate
Deposition
Rate (hr-1)
1-inch
(%)
5-inch
(%)
High
Efficiency
(%)
Portable
(%)
Cat Allergena
0.54 0.0688 μg/hr 0.052 2.5 29.2 90.7 71
0.875 0.0688 μg/hr 0.15 2.5 29.2 90.7 71
1.6 0.1376 μg/hr 0.35 20.7 47 91.8 71
2.7 0.5502 μg/hr 1 20.7 47 91.8 71
41 . 8 8 9 5   μg/hr 2.2 55.3 77.8 96.5 72
5.25 2.0953 μg/hr 3.5 55.3 77.8 96.5 80
7.4 5.5885 μg/hr 6.5 74.3 86.9 98.4 80
9 10.899 μg/hr 10 74.3 86.9 98.4 80
ETSb
0.0575 1.31 mg/cig 0.02 0 14.6 90.1 70
0.1475 2.84 mg/cig 0.005 0 14.6 90.1 70
0.31 2.84 mg/cig 0.018 0 14.6 90.1 70
0.71 1.31 mg/cig 0.08 2.5 29.2 90.7 71
Outdoor Fungal Spores
2.5 NA 0.9 14 47 91.8 71
Virusc
2.1 35.3 q/hr 0.6 14 47 91.8 71
4.5 29.4 q/hr 2.8 55 77.8 96.5 72
7.3 1.8 q/hr 6.5 73 86.9 98.4 80
9.4 0.5 q/hr 10 74 86.9 98.4 80
a Between the hours of 7 am – 10 pm, the cat allergen concentration increases for 33% from the intermittent allergen release. Emission rates based 
on Custovic et al. [76].
b A total of 8 cigarettes per day. Per cigarette emission rates (mg/cigarette) based on Klepeis et al. [46].
c Emission rate of infectious doses (or quanta) per hour (q/hr) based on Liao et al. [56].Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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observed for standard test dust and described elsewhere
[22].
Environmental Tobacco Smoke
Particle size information and emission rates for ETS were
based on information reported from studies of cigarette
smoke in experimental chambers [46]. The total particle
mass released for each cigarette was 8.3 mg with a release
rate of 1.3 mg/min. A recent national survey indicates that
the average adult smoker in the United States consumes
15 cigarettes per day [47]. Taking into account waking
hours spent at home [48], we modeled ETS emissions as
cigarette consumption within the home twice in the
morning hours and six times in the evening hours. All cig-
arettes were assumed to be smoked in the main living
space (i.e. living room for template 72 and family room
for template 28). Particle size for ETS has been reported to
range from 0.05 μm to 0.71 μm [49]. Removal efficiency
for ETS is one component of the industry standard
method for determining and rating the performance of
indoor air cleaning technologies [50].
Outdoor Fungi
In contrast to the other asthma triggers that were modeled
as indoor sources, we modeled indoor air concentrations
of airborne fungi that result from penetration of mold
spores in ambient air. To coincide with the meteorological
data noted earlier, daily mold spore counts for February
14 to November 23, 2005 measured at the Hamilton
County Environmental Services Office in Cincinnati were
obtained from the Hamilton County Air Quality Manage-
ment Division. The daily observations from Cincinnati
are short-term samples collected with a Rotorod Sampler
(Sampling Technology, Inc., Minnetonka, MN) and there-
fore do not reflect the temporal variability of spore con-
centrations that may occur over the course of each day. In
the absence of more complete data, we assumed that con-
centrations within the day were constant for purposes of
this analysis. The outdoor level of total fungal spores
reported in the data for Cincinnati ranged between 32 and
7935 spores per cubic meter (spores/m3) with a geometric
mean of 881 spores/m3. As expected, outdoor spore con-
centrations were highest in the summer and early fall
months. The aerodynamic diameter size distribution for
total spores is large, ranging from 1 to 40 μm. While the
dominant fungal genera, Cladosporium, has a aerodynamic
diameter slightly less than 2 μm [49], the other dominant
types, basidiospores and ascospores have aerodynamic
diameters on the order of 5 μm [51]. Fungal allergens are
borne on spores larger than 2.5 μm as well as hyphael
fragments and fragmented spores smaller than 2.5 μm.
Because of the absence of information on fungal fragment
levels in outdoor spore data for Cincinnati and the paucity
of large spore types in the data, we established 2.5 μm as
a reasonable central estimate of the aerodynamic diameter
for fungi in this analysis.
Respiratory Viruses
We modeled the release of two respiratory viruses, influ-
enza virus and rhinovirus, because they have been impli-
cated as triggers of asthma exacerbations and essential
information is available on their transmission [52] and
aerosol properties. While respiratory syncytial virus and
other viruses have also been associated with asthma, a
lack of key information on these organisms precluded
their inclusion in this analysis. For our respiratory virus
modeling we utilized the concept of infectious dose,
referred to as quanta, as first described in 1955 [53] Esti-
mates of quanta generation rates from an infectious per-
son are based on analyses of outbreaks of infectious
diseases as described elsewhere [54,55]. The greater the
quanta generation rate the more infectious the organism.
Estimates for influenza, a virus that can spread rapidly, are
on the order of 15 to 128 quanta per hour [54,56]. Organ-
isms with slower spreading infections, like rhinovirus and
tuberculosis have generation rates on the order of 1 to 10
quanta per hour [54]. For this analysis, we assumed the
approximate mid-point of published quanta generation
rates for influenza and rhinovirus, 67 q/hr and 5 q/hr,
respectively.
We also assumed the quanta were evenly distributed
among the particles released during a sneeze. The removal
processes are based on the particle sizes of the quanta
released. We based the particle size distribution on exper-
imental studies of particles emitted during sneezes and
coughs conducted in the 1940s and 1960s [57,58] and
recently re-analyzed [59]. To establish removal efficiency
for respiratory virus achieved by the in-duct media filters,
we relied upon size-specific results observed in our test
home [22]. For the in-duct electrostatic air cleaner, the
removal efficiency was based on laboratory studies in
which a suspension of live influenza A virus, PR-8 strain
(Advanced Biotechnology, Inc., MD) in phosphate buff-
ered saline was aerosolized within a ventilation duct using
a 6-jet Collison nebulizer. Aerosol samples were obtained
on Teflo filters (Millipore Corporation, Bedford, MA) in
triplicate upstream and downstream of the electrostatic air
cleaner on three days. The samples were extracted and
assayed for influenza by quantitative polymerase chain
reaction (qPCR) following procedures described by Van
Elden et al. [60]. The average removal efficiency from the
tests was greater than 99% with more precise quantitation
limited by the sensitivity of the assay. The removal effi-
ciencies obtained from the laboratory studies were cou-
pled with AHU bypass information for use in the model.
Details of this novel application of qPCR will be pub-
lished elsewhere.Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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Output from the IAQ model for respiratory virus was
expressed as quanta per cubic meter (q/m3) of indoor air.
We used a modified Wells-Riley equation [61] to estimate
the risk of infection based on the concentration of quanta
in the room from the model output coupled with conven-
tional central estimates of exposure duration and a
breathing rate of 0.48 m3/hr published in a widely used
compilation of exposure factors [62]. We used the results
to analyze the risk of infection for an individual when (1)
spending time in the same room as an infectious individ-
ual, (2) spending time in an adjacent room, and (3) occu-
pying other rooms in the house when an infected
individual is either in a bedroom or in the living room of
the home.
Results
Air exchange rate (AER) is an influential determinant of
indoor air quality and hence is a primary output from the
CONTAM model. The distributions of 24-hour average
AER across the year for the two templates with both natu-
ral and forced air ventilation systems are summarized in
Table 3. The mean and median AER for the natural venti-
lation configuration were approximately twice those in
the forced air configuration due to the increased use of
windows during warm weather. AER was lower in the
newer home (DH28) than the older home (DH72) which
reflects differences in leakage rates between the two
homes. With the exception of differences in AER, the
modeling results were similar for the two home templates.
Therefore, we chose to report only the results from the
newer two-story home (DH28).
Cat Allergen
The distribution of hourly average concentrations for air-
borne cat allergen throughout the home for each of the six
ventilation configurations is summarized in Figure 1A.
When operating a high efficiency device, the median aller-
gen concentration (4.0 ng/m3) was 46% lower when com-
pared to conventional filtration (6.4 ng/m3). The next best
performance was achieved by two systems – the in-duct 5-
inch media filter (C5) and a portable air cleaner in the
same room as the intermittent release of allergen (i.e.
C+2P). Nominally, peak concentrations were best miti-
gated by the high efficiency in-duct device (86 ng/m3),
although the difference in comparison to peaks associated
with the other air cleaning approaches (approximately
100 ng/m3) may not be substantive relative to uncertain-
ties in the modeling analysis. To evaluate the effectiveness
of the ventilation configurations at limiting transfer of
allergen to bedrooms, all airborne releases of cat allergen
in our model occurred outside of the bedrooms. In the
bedroom, allergen levels were lower than the whole house
average for all configurations, with the high efficiency in-
duct filtration performing best at minimizing the transfer
of allergen into the bedroom (See Figure 1B).
Environmental Tobacco Smoke
Modeled whole house concentrations of ETS were
strongly influenced by use of air cleaners as illustrated by
the distribution of hourly average concentrations esti-
mated across the year (Figure 2). The greatest mitigation
of ETS was achieved by the high efficiency in-duct device
(median <0.01 μg/m3), followed by use of a portable air
cleaner in the same room as the smoker (median 3.2 μg/
m3), the pleated in-duct media filter (median 9.8 μg/m3),
one portable air cleaner in a bedroom (median 17.8 μg/
m3), and a conventional in-duct filter (median 29.9 μg/
m3). Simulation of a home with natural ventilation
yielded hourly average ETS concentrations that were sim-
ilar to the C5 simulation, probably because of the higher
AER throughout the year for a home without forced air
conditioning.
The effect of high efficiency in-duct filtration on peak and
short-term time-weighted averaged levels of ETS is
depicted in Figure 3A and 3B for a typical 24-hour period
(February 1) that had eight smoking events in the living
room. For a home with conventional in-duct filtration,
each cigarette smoked is associated with a peak concentra-
tion of approximately 80 μg/m3 and a subsequent expo-
sure period of at least 8 hours when windows are closed.
In contrast, peak ETS concentrations per cigarette during
model runs with the high efficiency in-duct device were
about 40 μg/m3. First-order removal rates for ETS calcu-
Table 3: Distribution of simulated 24-hour average air exchange rates for homes with and without forced air ventilation systems.
Ventilation/Filtration House
Template
Mean Std
Dev
Percentiles
5% 25% 50% 75% 95%
Natural DH28 3.7 5.0 0.1 0.2 0.2 6.8 13.0
Forced Air 1.8 3.6 0.1 0.1 0.2 0.9 10.9
Natural DH72 3.0 3.9 0.2 0.4 0.5 5.1 10.6
Forced Air 1.6 2.9 0.1 0.3 0.4 0.7 8.7
DH28 Two story detached home
DH72 Single story detached homeEnvironmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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lated for the conventional and high efficiency in-duct fil-
tration conditions were 0.008 min-1 and 0.049 min-1. Use
of the high efficiency in-duct device also substantially lim-
ited the distribution of the contaminant into other rooms
of the home such as the bedroom.
Outdoor Fungi
The highest indoor/outdoor ratios for spore concentra-
tions were in the summer and fall months, probably due
to the higher AER associated with open windows during
those seasons. When averaged over the period for which
fungal spore data were available, the indoor/outdoor ratio
was highest for the natural ventilation configuration and
lowest for the in-duct high efficiency configuration (Table
4). Whole house indoor spore concentrations for the in-
duct high efficiency configuration were less than one-half
the levels in the conventional configuration and more
than eight times lower than the mean outdoor level. Even
in the bedroom where the portable air cleaner was
located, the in-duct high efficiency achieved lower spore
levels.
Comparison of Hourly Fel d 1 allergen concentrations by fil- tration configuration for (1A) the whole house average and  (1B) bedroom 2 Figure 1
Comparison of Hourly Fel d 1 allergen concentra-
tions by filtration configuration for (1A) the whole 
house average and (1B) bedroom 2.
Comparison of Hourly ETS concentrations by filtration con- figuration Figure 2
Comparison of Hourly ETS concentrations by filtra-
tion configuration.
Comparison of 24-hour environmental tobacco smoke (ETS)  concentrations in the living room and bedroom between the  conventional filter (3A) and the high-efficiency filter (3B) for  February 1 Figure 3
Comparison of 24-hour environmental tobacco 
smoke (ETS) concentrations in the living room and 
bedroom between the conventional filter (3A) and 
the high-efficiency filter (3B) for February 1.
Table 4: Geometric Mean (Geometric Standard Deviation) of 
Indoor/Outdoor Ratios and Indoor Spore Concentrations by 
Ventilation/Filtration Type
Ventilation
on/Filtration
I/O Ratio Whole House
(spores/m3)
Bedroom 2a
(spores/m3)
N 0.34 (2.6) 303 (7.0) 238 (9.4)
C 0.16 (2.7) 141 (5.8) 131 (6.3)
C5 0.13 (3.1) 111 (6.7) 97 (8.0)
C+1P 0.14 (2.9) 128 (6.0) 54 (8.5)
C+2P 0.14 (2.9) 119 (6.2) 52 (8.8)
HE 0.07 (4.1) 57 (8.3) 41 (13.0)
aBedroom 2 contains a portable air cleanerEnvironmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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Respiratory Viruses
For the virus results, we limited the analysis to December
through March to reflect the cold and flu season in the
United States. The median AER for this period was 25%
lower for the naturally ventilated configuration and essen-
tially unchanged for the mechanically ventilated homes in
comparison to the remainder of the year. For this period,
we examined the extent to which the risk of infection by
either influenza or rhinovirus is modified by the use of an
air cleaner for three common scenarios where a healthy
individual and infectious individual cohabitate.
In the first scenario, a healthy individual, perhaps a car-
egiver, spends one hour in the bedroom of an individual
infected with influenza. In this case, the use of a portable
air cleaner in the room with the infectious individual lim-
its the average risk of infection to less than one-half the
risk when conventional filtration is used (Table 5). The
high efficiency in-duct system provides the next lowest
average risk of infection, followed by the conventional
and pleated filter in-duct systems. The risk of infection is
lowered for each of the in-duct and portable air cleaner
configurations in comparison to natural ventilation
In the second scenario, we evaluated the risk of infection
for a person who spends 12 hours in a bedroom adjacent
to a second bedroom occupied by an individual infected
with influenza. This scenario is representative of many
residential configurations including children who nor-
mally sleep in separate bedrooms or two children who
normally share a bedroom but are separated temporarily
when one of them has a chest cold. In this scenario, the
risk of influenza infection for a 12-hour exposure for an
occupant in the adjacent bedroom was approximately
16% with conventional filtration, 5% for the configura-
tions with a portable air cleaner in the bedroom and 0.6%
with the high efficiency filtration (See Table 5).
For the third scenario, we estimated the risk of infection
from an individual who remains in the home over the
course of a five-day infectious period. We assumed that
the infectious individual spent one-half of their time in
the bedroom and the other half in the family room, while
a healthy individual spent 69% of the corresponding time
indoors at home [48] during which they were exposed to
the house-wide average concentration of quanta in air. For
this scenario, the risk of infection by influenza was greater
than 30% in the ventilation configuration with a portable
air cleaner in both of the two rooms frequented by the
infectious individual (Table 5). In comparison, the risk of
infection was 17% for the natural ventilation configura-
tion and less than 4% for the high efficiency in-duct sys-
tem. The former probably reflects a relatively slow rate of
inter-zonal transfer and the latter reflects the compara-
tively high flow rate and removal efficiency of the in-duct
system.
Discussion
Several studies have assessed the use of air cleaners for
reducing indoor air concentrations of chemical and bio-
logical materials that exacerbate asthma. In these studies,
the air cleaning intervention was typically a portable air
cleaner sized for a single room of typical size in a resi-
dence. Although based on modeling rather than measure-
ments, our analysis indicates that certain air cleaning
configurations can mitigate indoor air concentrations of
some common asthma triggers more effectively on aver-
age than air cleaning achieved by the type of portable fil-
tration devices evaluated previously as well as by
conventional in-duct filtration.
Prior performance evaluations of CONTAM demonstrate
that the model provides a reasonable degree of accuracy
for the types of indoor air quality simulations upon which
our analyses rely. Inter-zonal airflow predictions from
CONTAM simulations of a single story home were within
Table 5: Mean (Standard deviation) percent risk of infection during three exposure scenarios
Scenario 1 2 3
Ventilation
/Filtration
Risk of influenza infection for a one 
hour exposure in the bedroom with 
individual infected with influenza
Risk of influenza infection 
from 12 hour exposure in 
adjacent bedroom
Risk of infection during 5 day infectious period 
while infected individual in bedroom for 1/2 the 
day and the family room for the 1/2 the daya
Influenza Rhinovirus
N 36 (7.9) 0.6 (1.3) 17.1 (2.4) 1.4 (0.2)
C 18 (3.4) 16.1 (1.7) 70.0 (1.6) 8.6 (0.4)
C5 17 (3.4) 6.7 (1.0) 36.6 (1.8) 3.4 (0.2)
C+1P 7 (0.8) 5.9 (0.7) 51.9 (1.7) 5.3 (0.2)
C+2P 7 (0.8) 5.4 (0.6) 33.7 (2.2) 3.0 (0.2)
HE 13 (1.5) 0.6 (0.1) 3.9 (0.2) 0.3 (0.01)
a Assumes that that occupant is in the home 68.7% of the time based on Klepeis et al. [48]Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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15% of corresponding measured values [29]. Similarly, air
exchange rates for a single room building predicted with
CONTAM were within 5% of measured levels [24]. In a
related analysis, the correlation between predicted and
observed concentrations of a conservative gas ranged from
0.95 to 0.998 during six tests within a single room test
home [25]. In a tracer gas study conducted in a multi-
room occupied townhouse, gas concentrations predicted
by the model were within 25% of measured concentra-
tions [26]. Finally, measured and predicted 24-hour aver-
age concentrations of 0.3 to 5 μm particles in a single
room building were within 30% of each other [24].
Particle removal efficiencies for air cleaning systems con-
sidered in this analysis were derived from empirical data
obtained from test homes or test chambers [21,22].
Removal efficiencies for the portable air cleaners were
based on chamber studies of four different devices that all
claimed to have HEPA filters but whose efficacy under
controlled conditions was low compared to HEPA stand-
ards [21]. If we had assumed that the portable air cleaners
had removal efficiencies approaching those of HEPA fil-
ters, those systems would have compared more favorably
to the other devices for the rooms of the homes in which
they were located. Whole house comparisons of portable
and in-duct systems are unlikely to have been changed
substantially if we had assumed a higher aerosol removal
efficiency for the portable devices.
In terms of controlling residence-wide concentrations of
cat allergen, ETS, respiratory viruses, and mold spores in
indoor air, use of a high efficiency in-duct air cleaner as
part of a forced air ventilation system yielded the greatest
benefit, followed by multiple portable air cleaners in con-
junction with conventional in-duct filtration. The greatest
benefit of air cleaning systems over conventional in-duct
filtration was observed for ETS, probably because of its
sub-micron size distribution and the correspondingly low
rate of deposition to surfaces. The extent to which these
findings can be generalized to other constituents of
indoor air depends upon their similarity in terms of emis-
sion profiles and aerodynamic characteristics. Other
important indoor allergens such as dust mite and cock-
roach that have been shown to be associated with rela-
tively particles are unlikely to be represented accurately by
our results for cat allergen, ETS, viruses, and fungal spores.
Consistent with results from our evaluation of air cleaners
in a test home [22], the whole house performance of each
system was directly related to its clean air delivery rate
(CADR), the product of air flow rate and removal effi-
ciency. This analysis focused on single family detached
homes, however we anticipate that the findings are appli-
cable to multi-family and attached homes as well. Various
types of housing stock may differ systematically in terms
of air exchange rate because of variation in construction
practices, exterior surface area-to-volume ratios, and other
factors. Particle deposition has been reported to be posi-
tively associated with air exchange rate due to increased
turbulence of indoor air [63,64]. Because of modeling
constraints, we assumed that particle deposition rates
were independent of air exchange rate. This simplifying
assumption is unlikely to be a substantial contributor to
uncertainty in our results because the range of turbulence-
induced deposition rates reported for respirable-sized aer-
osols is small in comparison to differences in perform-
ance among air cleaning devices indicated by our analysis.
In terms of controlling the contaminant concentrations in
a single room, the location of the contaminant source is
important. If the contaminant source was in the family
room of the home and therefore near a central return, as
was the case for the allergen and ETS modeling, the high
efficiency in-duct filtration was superior to all configura-
tions including those with a portable air cleaner in the
room. Similarly, if the source is outdoors, as was the case
with the fungal spore modeling, the high efficiency in-
duct filtration was superior. Conversely, when the source
was in a location away from a central return, like a bed-
room, as was the case for the one-hour influenza scenario,
operation of a portable air cleaner in the room was the
most effective air cleaning configuration. We anticipate
that these results for cat allergen, ETS, and virus are rea-
sonably representative of emissions of other respirable-
sized aerosols from indoor sources including fungal
spores that may be released from surfaces as a result of
mechanical forces.
The utility of the modeling results presented is related pri-
marily to relative differences between the air cleaning sys-
tems included in this assessment. If reasonable however,
the absolute levels are also of interest for consideration of
potential air quality and exposure benefits afforded by
indoor air cleaning systems. To assess the accuracy of the
model results, we compared the predicted concentrations
to measurements from studies that quantified residential
airborne levels of animal allergens [5,7,10], ETS [4,65], or
fungal spores [6,66]. Several of the studies evaluated the
effectiveness of portable air cleaners with HEPA filters
which allows us to compare our modeled results to not
only the reported levels, but also to the changes in con-
taminant concentrations associated with use of portable
air cleaners. Other studies were designed to measure typi-
cal residential contaminant concentrations, both with and
without a source present. Data from those investigations
provide a reasonable benchmark for our modeled results
under typical ventilation configurations.
The relative differences among the ventilation configura-
tions that we considered are similar to the reductionsEnvironmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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observed in intervention studies designed to evaluate the
effectiveness of portable air cleaners. In a study of dog
allergen, airborne levels in two rooms with portable air
cleaners were reduced to 25% of the baseline allergen
level [5]; similar to the difference in modeled cat allergen
concentrations for the bedroom when the portable air
cleaner was introduced. In a study of portable air cleaner
efficacy in four homes with smokers, PM concentrations
in the living room were reduced by 30–70% with the use
of a portable air cleaner [4]. Our modeling yielded similar
reductions in ETS when comparing the conventional fil-
tration to the ventilation configurations with portable air
cleaners. In a study designed to evaluate the utility of port-
able air cleaners for controlling fungal spore concentra-
tions, the intervention effectively reduced spore levels in a
bedroom of a residence, however the air cleaner worked
best when the bedroom door was closed [6].
When comparing absolute levels of contaminants in the
home, the modeled results for the conventional and nat-
ural ventilation configurations compare well with values
reported in the literature. Our modeled cat allergen con-
centrations with conventional filtration are similar to con-
centrations reported in a study of 75 homes with cats in
Britain [7] and the levels during our intermittent release of
allergen is similar to measured values during periods of
disruptions such as vacuuming [10,67]. In a study of
homes in six U.S. cities, the authors calculated that smok-
ing one pack of cigarettes daily contributed 20 μg/m3 to
the 24 average hour indoor particle concentration [65],
which is similar to our modeled ETS concentrations for
the conventional and natural ventilation configurations.
For fungal spores, our modeled indoor/outdoor ratios for
the conventional and natural ventilation configurations
are similar to the ratio of 0.32 for total spores reported in
a study conducted in six homes in the Cincinnati area
[66].
Results from a controlled study of rhinovirus transmission
provide a reasonable comparison for evaluating the accu-
racy of our modeled likelihood of infection. In the exper-
imental study, groups of eight students with active
rhinovirus infection spent 12-hours in a room with 12
susceptible students and followed a protocol designed to
allow transmission of an infectious dose only by inhala-
tion [52]. The resulting risk of infection from this study
was 61%. While AER or filtration characteristics were not
reported for this study, we assumed that the room was
either naturally ventilated or had conventional filtration.
Our modeled scenario with one infectious individual in a
room of approximately one-half the size of the experi-
mental room resulted in an average risk of infection with
influenza of 33.6% and 16.5% with natural and conven-
tional filtration, respectively. If the modeling were con-
ducted with four infectious individuals in the smaller
bedroom to more closely mimic the conditions of the
experimental study, the risk of modeled infection would
rise to a level similar to that observed in the experimental
study.
We relied upon the concept of quanta generation to esti-
mate the probability of acquiring an infection through the
airborne route, using the Wells-Riley equation [61]. The
Wells-Riley equation and modifications of the equation
have been used by researchers to estimate the risk of air-
borne transmission of an infection for a variety of organ-
isms including measles [61], influenza [54], rhinovirus
[54,68], severe acute respiratory syndrome (SARS) [69],
and tuberculosis [55]. The Wells-Riley equation only esti-
mates the risk of transmission for the inhalation route of
exposure. Organisms like rhinovirus and influenza can be
transmitted by other routes of exposure such as direct con-
tact, although the relative importance of the respective
routes of exposure is not well understood. The ability of
various indoor air cleaning configurations to influence
virus transmission through surface-mediated pathways
remains to be determined. Consideration of virus trans-
mission via surfaces and other pathways is unlikely to
influence our findings for modification of the risk of
infection through inhalation because of different ventila-
tion and air cleaning configurations.
While the Wells-Riley equation accounts for the ventila-
tion rate of the indoor space of interest to calculate the
quanta concentration, it does not, as discussed recently
[70], explicitly account for other removal processes such
as deposition to surfaces, filtration, and loss of infectious-
ness in the air. However, quanta generation rates are typi-
cally based on disease outbreak data, and therefore
inherently account for these processes. Our modeling
accounted for deposition and filtration, but not loss of
infectiousness. Some data suggest that virus die-off is a
slow process that can occur over several days at tempera-
ture and humidity levels typical of indoor environments
[71]. Therefore, not explicitly controlling die-off is
unlikely to influence our results substantively. Including
removal mechanisms in our model along with the esti-
mates of virus emissions in units of quanta may have
resulted in double counting for removal by filtration and
deposition. Therefore, our results may underestimate the
actual risk of infection. To evaluate the impact of potential
double counting for deposition, we conducted model
runs without a deposition rate for virus. In these models,
the risk of infection increased approximately 30 to 50%
depending on the filtration type. Regardless, our analysis
was designed to primarily evaluate the differences in ven-
tilation configurations and the differences between these
configurations would not be changed by under or over
estimating the risk of infection.Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
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While a number of intervention studies clearly demon-
strate exposure reductions attributable to the use of port-
able air cleaners, associated improvements in health have
been more difficult to demonstrate. Some air cleaning
interventions have yielded improvements in respiratory
symptoms and breathing problems for children and
adults with asthma or persistent allergic rhinitis [11-
13,72]; however, the results of these studies have not
always been reproducible [14-18,73]. One explanation
for the lack of reproducible results could be that portable
air cleaners used in these studies have not effectively
reduced personal exposure. Our modeling demonstrates
that while the use of a portable air cleaner will provide
exposure benefits in the room it is located, concentrations
of common asthma triggers throughout the residence, and
corresponding personal exposures, are not likely to be
mitigated. Our modeling analysis indicate that high effi-
ciency in-duct air cleaning systems would yield a more
substantial reduction in personal exposure that the porta-
ble air cleaners used in intervention studies published to
date. Potential benefits of these systems for personal expo-
sure could be evaluated following methods employed in a
study of personal exposure to cat allergen [74].
An Expert Panel convened by the NIH recommended
asthmatics with pet allergies that are not willing to part
with their pets keep the pet out of the asthmatic's bed-
room as one part of an asthma management strategy.
Additionally, the National Environmental Education &
Training Foundation (NEETF) recommends that the use
of portable air cleaners in bedrooms of asthmatics [75].
While the use of portable air cleaners in the bedroom
prove to be beneficial in our modeling, the results indicate
that the use of high efficiency in-duct air cleaners provide
an more effective means of controlling allergen levels not
only in a single room, but the whole house.
Conclusion
The modeling results from this study demonstrate that
properly maintained forced air systems with a high effi-
ciency aerosol removal system are expected to provide the
best control of the indoor exposure to common asthma
triggers such as cat allergen, ETS, fungal spores and respi-
ratory viruses. The modeling results also showed that the
potential efficacy of avoidance strategies recommended
for asthmatics by the American Lung Association and the
National Institutes of Health may be enhanced by the use
of certain indoor air cleaning systems.
List of Abbreviations
ETS: Environmental tobacco smoke; PM2.5: Particles less
than 2.5 microns; HEPA: High efficiency particle arre-
stance; NIST: National Institute of Standards and Technol-
ogy; AHU: Air-handling units; AER: Air exchange rates;
SARS: Severe acute respiratory syndrome; CADR: Clean air
delivery rate; qPCR: Quantitative polymerase chain reac-
tion. 
Competing interests
Funding for this research was provided by Trane Residen-
tial Systems, Inc., Tyler, TX and Environmental Health &
Engineering, Inc., Needham, MA.
Authors' contributions
TAM conceived of the study, and participated in its design
and coordination and helped to draft the manuscript. TM
carried out the modeling efforts. JA carried out the data
analysis. DLM participated in the design of the study and
drafted the manuscript. All authors read and approved the
final manuscript.
Additional material
References
1. American Lung Association: State of Lung Disease in Diverse
Communities: 2007.  2007 [http://www.lungusa.org/atf/cf/
%7b7A8D42C2-FCCA-4604-8ADE-7F5D5E762256%7d/
SOLDDC_2007.PDF]. New York, NY: American Lung Association
2. National Heart Lung and Blood Institute: Guidelines for the Diag-
nosis and Management of Asthma (EPR-3).  2007 [http://
www.nhlbi.nih.gov/guidelines/asthma/index.htm]. Bethesda, MD:
National Heart Lung and Blood Institute
3. Wu F, Takaro TK: Childhood asthma and environmental inter-
ventions.  Environmental Health Perspectives 2007, 115:971-975.
4. Batterman S, Godwin C, Jia C: Long duration tests of room air
filters in cigarette smokers' homes.  Environmental Science &
Technology 2005, 39:7260-7268.
5. Green R, Simpson A, Custovic A, Faragher B, Chapman M, Wood-
cock A: The effect of air filtration on airborne dog allergen.
Allergy 1999, 54:484-488.
6. Cheng Y, Lu J, Chen T: Efficiency of a portable indoor air
cleaner in removing pollens and fungal spores.  Aerosol Science
and Technology 1998, 29:92-101.
7. Custovic A, Simpson A, Pahdi H, Green RM, Chapman MD, Wood-
cock A: Distribution, aerodynamic characteristics, and
removal of the major cat allergen Fel d 1 in British homes.
Thorax 1998, 53:33-38.
8. Abraham ME: Microanalysis of indoor aerosols and the impact
of a compact high-efficiency particulate air (HEPA) filter sys-
tem.  Indoor Air 1999, 9:33-40.
9. Hacker DW, Sparrow EM: Use of air-cleaning devices to create
airborne particle-free spaces intended to alleviate allergic
rhinitis and asthma during sleep.  Indoor Air 2005, 15:420-431.
10. de Blay F, Chapman MD, Platts-Mills TA: Airborne cat allergen
(Fel d I). Environmental control with the cat in situ.  The Amer-
ican Review of Respiratory Disease 1991, 143:1334-1339.
Additional file 1
Two-Story Home Floorplan (DH28).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1476-
069X-7-43-S1.pdf]
Additional file 2
One-Story Home Floorplan (DH72).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1476-
069X-7-43-S2.pdf]Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
Page 12 of 13
(page number not for citation purposes)
11. Heide S van der, Kauffman HF, Dubois AE, de Monchy JG: Allergen
reduction measures in houses of allergic asthmatic patients:
effects of air-cleaners and allergen-impermeable mattress
covers.  European Respiratory Journal 1997, 10:1217-1223.
12. Heide S van der, van Aalderen WM, Kauffman HF, Dubois AE, de
Monchy JG: Clinical effects of air cleaners in homes of asth-
matic children sensitized to pet allergens.  Journal of Allergy and
Clinical Immunology 1999, 104:447-451.
13. Francis H, Fletcher G, Anthony C, Pickering C, Oldham L, Hadley E,
Custovic A, Niven R: Clinical effects of air filters in homes of
asthmatic adults sensitized and exposed to pet allergens.
Clinical and Experimental Allergy 2003, 33:101-105.
14. Reisman RE: Do air cleaners make a difference in treating
allergic disease in homes?  Annals of Allergy, Asthma, and Immunol-
ogy 2001, 87:41-43.
15. Verrall B, Muir DC, Wilson WM, Milner R, Johnston M, Dolovich J:
Laminar flow air cleaner bed attachment: a controlled trial.
Annals of Allergy 1988, 61:117-122.
16. Wood RA, Johnson EF, Van Natta ML, Chen PH, Eggleston PA: A pla-
cebo-controlled trial of a HEPA air cleaner in the treatment
of cat allergy.  American Journal of Respiratory and Critical Care Medi-
cine 1998, 158:115-120.
17. Warburton CJ, Niven RM, Pickering CA, Fletcher AM, Hepworth J,
Francis HC: Domiciliary air filtration units, symptoms and
lung function in atopic asthmatics.  Respiratory Medicine 1994,
88:771-776.
18. McDonald E, Cook D, Newman T, Griffith L, Cox G, Guyatt G:
Effect of air filtration systems on asthma: a systematic
review of randomized trials.  Chest 2002, 122:1535-1542.
19. Nelson HS, Hirsch SR, Ohman JL, Platts-Mills TAE, Reed CE, Solomon
WR: Recommendations for the use of residential air-cleaning
devices in the treatment of allergic respiratory diseases.  Jour-
nal of Allergy and Clinical Immunology 1988, 82:661-669.
20. NHLBI: Expert Panel Report 3: Guidelines for the Diagnosis
and Management of Asthma.  Bethesda, MD: National Heart,
Lung, and Blood Institute; 2007. 
21. Chen W, Gao Z, Zhang J, Kosar D, Walker C, Novosel D: Reduced
energy use through reduced indoor contamination in resi-
dential settings.  Alexandria, VA: National Center for Energy Man-
agement and Building Technologies; 2006. 
22. MacIntosh DL, Myatt T, Ludwig J, Baker BJ, Suh H, Spenger JD:
Whole house particle removal and clean air delivery rates
for in-duct and portable ventilation systems.  Journal of the Air
and Waste Management Association 2008. Accepted for Publication
23. Walton G, Dols WS: CONTAM 2.1 Supplemental user guide
and program documentation.  Gaithersberg, MD: National Insti-
tute of Standards and Technology; 2003. 
24. Emmerich S, Nabinger S: Measurement and Simulation of the
IAQ Impact of Particle Air Cleaners in a Single-Zone Build-
ing.  2000 [http://www.bfrl.nist.gov/IAQanalysis/docs/
NISTIR6461.pdf]. Gaithersberg, MD: National Institute of Standards
and Technology
25. Howard-Reed C, Nabinger S, Emmerich SJ: Characterizing gase-
ous air cleaner performance in the field.  Building and Environ-
ment 2008, 43:368-377.
26. Emmerich SJ, Nabinger S, Gupte A, Howard-Reed C, Wallace L:
Comparison of measured and predicted tracer gas concen-
trations in a townhouse.  2003 [http://www.bfrl.nist.gov/IAQanal
ysis/docs/NISTIR_7035_final11-CC.pdf]. Gaithersburg, MD National
Institute of Standards and Technology
27. Lansari A, Streicher J, Huber A, Crescenti G, Zweidinger R, Duncan
J, Weisel C, Burton R: Dispersion of automotive alternative fuel
vapors within a residence and its attached garage.  Indoor Air
1996, 6:118-126.
28. Howard-Reed C, Nabinger S, Emmerich SJ: Predicting the per-
formance of non-industrial gaseous air cleaners: measure-
ments and model simulations from a pilot study.
Gaithersburg, MD: National Institute of Standards and Technology;
2004. 
29. Haghighat F, Rao J: A comprehesive validation of two airflow
models – COMIS and CONTAM.  Indoor Air 1996, 6:278-288.
30. Year 2000 Census   [http://factfinder.census.gov/home/saff/
main.html?_lang=en]
31. HUD: The American Housing Survey for the United States.
1999 [http://www.census.gov/hhes/www/housing/ahs/ahs.html]. U.S.
Department of Housing and Urban Development, U.S. Department of
Commerce
32. U. S. Department of Energy: A Look at Residential Energy Con-
sumption in 1997.  U.S. Department of Energy; 1999. 
33. Persily A, Musser A, Leber D: A Collection of Homes to Repre-
sent U.S. Housing Stocks.  Gaithersberg, MD: National Institute
of Standards and Technology; 2006. 
34. Enermodal Engineering Limited: Characterization of Framing
Factors for Low-Rise Residential Building Envelopes.  2001
[http://www.energy.ca.gov/title24/2005standards/archive/documents/
2001-11-14_workshop/2001-11-07_FRAMING_FACTORS.PDF].
Final Report prepared for ASHRAE, Atlanta, GA (USA)
35. US DOE: EnergyPlus Version 2.1.0.  2007.
36. ASHRAE: Standard 52.2 – 1999; Method of Testing General
Ventilation Air-Cleaning Devices for Removal Efficiency by
Particle Size.  Atlanta: American Society of Heating, Refrigeration,
and Air Conditioning Engineers; 1999. 
37. Johnson T: A Guide to Selected Algorithms, Distributions,
and Databases Used in Exposure Models Developed by The
Office Of Air Quality Planning and Standards.  2002 [http://
www.epa.gov/ttn/fera/data/human/report052202.pdf]. Research Tri-
angle Park, N.C.: U.S. Environmental Protection Agency, Office of
Research and Development
38. Sarnat SE, Coull BA, Schwartz J, Gold DR, Suh HH: Factors affect-
ing the association between ambient concentrations and
personal exposures to particles and gases.  Environmental Health
Perspectives 2006, 114:649-654.
39. Suh H, Spenger JD, Koutrakis P: Personal exposures to acid aer-
osols and ammonia.  Environmental Science and Technology 1992,
26:2507-2517.
40. Murray DM, Burmaster DE: Residential air exchange rates in the
United States: Empirical and estimated parametric distribu-
tions by season and climate region.  Risk Analysis 1995,
15:459-465.
41. Thatcher TL, Lai ACK, Moreno-Jackson M, Sextro RG, Nazaroff
WW: Effects of room furnishings and air speed on particle
deposition rates indoors.  Atmospheric Environment 2002, 36:.
42. Custovic A, Simpson B, Simpson A, Hallam C, Craven M, Woodcock
A: Relationship between mite, cat, and dog allergens in res-
ervoir dust and ambient air.  Allergy 1999, 54:612-616.
43. de Blay F, Spirlet F, Gries P, Casel S, Ott M, Pauli G: Effects of var-
ious vacuum cleaners on the airborne content of major cat
allergen (Fel d 1).  Allergy 1998, 53:411-414.
44. Montoya LD, Hildemann LM: Evolution of the mass distribution
of resuspended cat allergen (Fel d 1) indoors following a dis-
turbance.  Atmospheric Environment 2001, 35:859-866.
45. Green R, Simpson A, Custovic A, Faragher B, Chapman M, Wood-
cock A: The effect of air filtration on airborne dog allergen.
Allergy 1999, 54:484-488.
46. Klepeis NE, Apte MG, Gundel LA, Sextro RG, Nazaroff WW: Deter-
mining size-specific emission factors for environmental
tobacco smoke particles.  Aerosol Science and Technology 2003,
37:780-790.
47. U.S. Department of Health and Human Services: The NSDUH
Report: Quantity and Frequency of Cigarette Use.   [http://
www.oas.samhsa.gov/2k3/cigs/cigs.htm]. Rockville, MD: Office of
Applied Studies, U.S. Department of Health and Human Services
48. Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P,
Behar JV, Hern SC, Engelmann WH: The National Human Activ-
ity Pattern Survey (NHAPS): a resource for assessing expo-
sure to environmental pollutants.  Journal of Exposure Analysis and
Environmental Epidemiology 2001, 11:231-252.
49. Reponen T, Willeke K, Ulevicius V, Reponen A, Grinshpun SA: Effect
of relative humidity on the aerodynamic diameter and respi-
ratory deposition of fungal spores.  Atmospheric Environment
1996, 30:3967-3974.
50. ANSI/AHAM: AC-1-2006 Method for Measuring Performance
of Portable Household Electric Room Air Cleaners.  2006
[http://webstore.ansi.org/RecordDe
tail.aspx?sku=ANSI%2FAHAM+AC-1-2006]. Washington, D.C.:
Association of Home Appliance Manufacturers
51. Helbling A, Brander KA, Horner WE, Lehrer SB: Allergy to Basid-
iomycetes.  In Fungal Allergy and Pathogenicity Edited by: Breitenbach
M, Crameri R, Lehrer SB. Basel: S. Karger AG; 2002. Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Environmental Health 2008, 7:43 http://www.ehjournal.net/content/7/1/43
Page 13 of 13
(page number not for citation purposes)
52. Dick EC, Jennings LC, Mink KA, Wartgow CD, Inhorn SL: Aerosol
transmission of rhinovirus colds.  Journal of Infectious Diseases
1987, 156:442-448.
53. Wells W: Airborne contagion and air hygiene Cambridge, MA: Harvard
University Press; 1955. 
54. Rudnick SN, Milton DK: Risk of indoor airborne infection trans-
mission estimated from carbon dioxide concentration.  Indoor
Air 2003, 13:237-245.
55. Riley RL, Nardell EA: Cleaning the air. The theory and applica-
tion of ultraviolet air disinfection [see comments]. [Review].
American Review of Respiratory Disease 1989, 139:1286-1294.
56. Liao CM, Chang CF, Liang HM: A probabilistic transmission
dynamic model to assess indoor airborne infection risks.  Risk
Analysis 2005, 25:1097-1107.
57. Loudon RG, Roberts RM: Droplet expulsion from the respira-
tory tract.  The American Review of Respiratory Disease 1967,
95:435-442.
58. Duguid J: The size and duration of air-carriage of respiratory
droplets and droplet-nuclei.  Journal of Hygiene 1946, 44:471-479.
59. Nicas M, Nazaroff WW, Hubbard A: Toward understanding the
risk of secondary airborne infection: emission of respirable
pathogens.  Journal of Occupational and Environmental Hygiene 2005,
2:143-154.
60. van Elden LJ, Nijhuis M, Schipper P, Schuurman R, van Loon AM:
Simultaneous detection of influenza viruses A and B using
real-time quantitative PCR.  Journal of Clinical Microbiology 2001,
39:196-200.
61. Riley E, Murphy G, Riley R: Airborne spread of measles in a sub-
urban elementary school.  American Journal of Epidemiology 1978,
107:421-432.
62. United States Environmental Protection Agency (EPA): Exposure
Factors Handbook.  1997 [http://cfpub.epa.gov/ncea/cfm/recordis
play.cfm?deid=12464]. Washington, D.C.: Office of Research and
Development, National Center for Environmental Assessment, U.S.
Environmental Protection Agency
63. Long CM, Suh HH, Catalano PJ, Koutrakis P: Using time- and size-
resolved particulate data to quantify indoor penetration and
deposition behavior.  Environ Sci Technol 2001, 35:2089-2099.
64. Abt E, Suh HH, Catalano P, Koutrakis P: Relative contribution of
outdoor and indoor particle sources to indoor concentra-
tions.  Environ Sci Technol 2000, 34:3579-3587.
65. Spengler J: Long-term measurements of respirable sulfates
and particles inside and outside homes.  Atmospheric Environment
1981, 15:23-30.
66. Lee T, Grinshpun SA, Martuzevicius D, Adhikari A, Crawford CM,
Reponen T: Culturability and concentration of indoor and out-
door airborne fungi in six single-family homes.  Atmospheric
Environment 2006, 40:2902-2910.
67. Gomes C, Freihaut J, Bahnfleth WP: Resuspension of allergen-
containing particles under mechanical and aerodynamic dis-
turbances from human walking.  Atmospheric Environment 2007,
41:5257-5270.
68. Myatt TA, Johnston SL, Zuo Z, Wand M, Kebadze T, Rudnick S, Mil-
ton DK: Detection of airborne rhinovirus and its relation to
outdoor air supply in office environments.  American Journal of
Respiratory and Critical Care Medicine 2004, 169:1187-1190.
69. Chen SC, Chang CF, Liao CM: Predictive models of control
strategies involved in containing indoor airborne infections.
Indoor Air 2006, 16:469-481.
70. Fisk W: Commentary on predictive models of control strate-
gies involved in containing indoor airborne infections, Indoor
Air16: 469–481.  Indoor Air 2008, 18:72-73.
71. Ijaz MK, Brunner AH, Sattar SA, Nair RC, Johnson-Lussenburg CM:
Survival characteristics of airborne human coronavirus
229E.  Journal of General Virology 1985, 66:2743-2748.
72. Reisman RE, Mauriello PM, Davis GB, Georgitis JW, DeMasi JM: A
double-blind study of the effectiveness of a high-efficiency
particulate air (HEPA) filter in the treatment of patients
with perennial allergic rhinitis and asthma.  The Journal of Allergy
and Clinical Immunology 1990, 85:1050-1057.
73. Nelson HS, Hirsch SR, Ohman JL Jr, Platts-Mills TA, Reed CE, Solo-
mon WR: Recommendations for the use of residential air-
cleaning devices in the treatment of allergic respiratory dis-
eases.  Journal of Allergy and Clinical Immunology 1988, 82:661-669.
74. Gore RB, Bishop S, Durrell B, Curbishley L, Woodcock A, Custovic
A: Air filtration units in homes with cats: can they reduce
personal exposure to cat allergen?  Clinical and Experimental
Allergy 2003, 33:765-769.
75. National Environmental Education & Training Foundation (NEETF):
Environmental management of pediatric asthma. Guidelines
for health care providers.  Washington, D.C.: National Environ-
mental Education & Training Foundation (NEETF); 2005. 
76. Custovic A, Fletcher A, Pickering CA, Francis HC, Green R, Smith A,
Chapman M, Woodcock A: Domestic allergens in public places
III: house dust mite, cat, dog and cockroach allergens in Brit-
ish hospitals.  Clinical and Experimental Allergy 1998, 28:53-59.